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® single mode optical v/aveguide. 



@ In a single mode optica! waveguide having a 
^substrate (1), a cladding layer (3) formed on the 
^substrate (1). a core portion (2) embedded in the 

cladding layer (3). and an elongated member (4a, 
^4b; 14; 14a, 14b) for applying a stress to the core 
^portion (2) or a stress relief groove (5a, 5b: 64) for 

relieving a stress from the core portion (2) in the 
1^ cladding layer (3) along the core portion (2). A 
exposition, shape and material of the elongated mem- 
^ber {4a, 4b: 14; 14a. 14b) or the groove (5a, 5b; 64) 

are determined in such a way that stress-induced 
O- birefringence produced in the core portion (2) in 
^accordance with a difference in thermal e)cpansion 

coefficient between the substrate (1) and the single 

mode optical waveguide is a desired value. 
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SINGLE MODE OPTICAL WAVEGUIDE 



The present invention relates to a single mode 
optical waveguide of the type in* which a core glass 
portion is embedded in a cladding layer disposed 
on a substrate. 

- In a silica single mode optical waveguide which 5 
can be fabricated on a silica substrate or a silicon 
substrate; its cross-section tias a size which can be" 
determined to be about 5-1 0am so as to cor- 
respond to that of a conventional single mode 
optical fiber, so that the silica single mode optical 10 
waveguide is expected as means for realizing prac- 
tical waveguide type component parts having an 
©ccellent matching characteristic with an optical 
fiber. 

The optical waveguide of the type described is 15 
disclosed in detail in Electronics Letters. 24 Oct 
1985, Vol. 21, No. 20, pp. 1020-1021, "HIGH SILI- 
CA SINGLE-MODE OPTICAL REFLECTION BEND- 
ING AND INTERSECTING WAVEGUIDES" or in 
Electronics Letters. 13 March 1986, Vol. 22, No; 6, 20 
pp. 321-322. "LOW-LOSS HI6H-SILICA SINGLE 
MODE CHANNEL WAVEGUIDES". 

Rg. 1 IS a cross sectional view showing a 
structure of a conventional silica single mode op-_. . 
tical waveguide. Reference numeral 1 designates a 25 
silica glass substrate; 2, a silica glass core portion 
and 3. a silica glass cladding layer surrounding the 
core portion 2. The cross sectional size of the core 
portion is about lOum. The thickness of the clad- 
ding layer 3 is tens micrometers. The thickness of 30 
the substrate 1 is of the order of 2 mm. Such silica 
single mode optical waveguide can be fabricated 
by a combination of deposition technique for de- 
positing a glass film by flame hydrolysis of raw 
material gases such as SiCU. TiCU or the like with 35 
reactive ion etching technique. For instance, refer- 
ence is made to MICROOPTICS NEWS. 1986, 
4/15, Vol. 4, No. 2, pp. 33(108)-38(113). 
"Microlithograpy of High-Silica Channel Optical 
Waveguides". 40 

In the silica single mode optical waveguide of 
the type shown in Fig. 1. tensile stresses are 
imparted to the inside of the film surface of the 
cladding layer 2 because of the difference in ther- 
mal expansion coefficient between the cladding 45 
layer 2 and the silica glass substrate 1. That is. it 
exhibits stress-induced birefringence and, in gen- 
eral, a value of stress-induced birefringence B is of 
the order of 10"*. 

The birefringence in an optical waveguide is so 
one of important factors which determines perfor- 
mance of a waveguide type optical component 
part, so that it is desired that a birefringence value 
is controlled with a high degree of accuracy. How- 
ever, in a conventional silica single mode 



waveguide, there is no way to vary or control a 
birefringence value except to change glass com- 
positions or kinds of the substrate. In addition, 
directions of the principal axes of stress are limited 
to the direction in parallel -with- the-surf ace of the 
substrate and to the direction perpendicular there- 
to. In addition, it is difficult to vary Ideally birefrifP 
gence properties in the optical waveguides. There- 
fore, these problems constitute obstacles in case of 
fabricating a waveguide type optical component 
which exhibits a high degree of performance. 

In some case, instead of silica glass, silicon is 
used as the substrate 1. In this case, the cross 
sectional size of the core portion 2 is about lOum 
also in the case of silicon substrate. The thickness 
of the cladding layer 3 is of the order of 50um. The 
thickness of the silicon substrate is of the order of 
0.4 through 1mm. 

In the case of a silica single mode optical 
waveguide fabricated on a silicon substrate, a 
strong compression stress of the order of 15 
kg/mm2 is applied to the interior of the glass film 
surface due to the difference in thermal expansion 
coefficient between the silica glass and the silicQO 
substrate, so that the optical waveguide exhibits 
stress-induced birefringence. Birefringence of §p 
optical waveguide is one of important factors whiSh 
determine performance of a waveguide type optiqai 
component part. Therefore, it is desired that tfi^ 
birefringence is controlled with a high degree of 
accuracy. In general, a value of birefringence is of 
the order of lO""*, so that it is difficult to remove 
adverse effects of the stress from the silicon sub- 
strate. This problem also constitutes an obstacle in 
a case of fabrication of a waveguide type optical 
component. 

Furthermore, in a case of a structure as shown 
in Fig. 1. in which a core portion 2 constituting a 
main body of an optical, waveguide is completely 
made into intimate contact with a silicon substrate 
1 via a cladding layer 3, it is completely impossible 
to mechanically move the main body of the optical 
waveguide on the substrate. This problem also 
constitutes an obstacle when a variety of functions 
can be realized by an optical waveguide. 

Meanwhile, as to a structure of an optical fi- 
bers, there is disclosed in. for instance. Journal of 
Lightwave Technology. Vol. LT-1, No. 1. March 
1983, pp. 38-43, "Fabrication of Polarization-Main- 
taining and Absorption-Reducing Rbers". an optical 
fiber which maintains polarization properties by 
providing a stress applying portion surrounding a 
core portion in a cladding layer. In the optical fiber, 
however, it is impossible to locally adjust a stress 
in the longitudinal direction of the waveguide. 
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An optical circuit disclosed, in Laid-Open Japa- 
nese Patent Application No. 196,204/1982. stress 
birefringence is adjusted by varying a width of a 
ridge in a YIG optical waveguide {ridge type) on a 
GGG substrate to coincide a transmission phase 
constant of a TE wave with that of a TM wave. If, 
however, the ridge width is varied, the structure of 
the core portion is varied, so that a spot size of the 
transnnitted light is also varied. That is, birefrin- 
gence cannot be adjusted independently of a core 
stnjcture. 

Laid-open Japanese Patent Application No. 
4,022/'1982 discloses a method for producing 
stress-induced birefringence in a ridge type optical 
waveguide by loading a dielectric film (Si02 film) 
on a ridge type YIG optical waveguide. If. however, 
the dielectric film is loaded on the ridge type 
optical waveguide, not only the stress-induced 
birefringence but also the structure of the core 
portion itself are considerably varied. Therefore, as 
in the case of Laid-Open Japanese Patent Applica- 
tion No. 196,204/1982. the birefringence cannot be 
adjusted independently of a structure of the core 
portion. 

In view of the above, it is an object of the 
present invention to provide a silica single mode 
optical waveguide which overcomes the above-de- 
scribed obstacles and restrictions to control 
birefringence more flexibly. 

It is another object of the present invention to 
provide a silica single mode optical waveguide in 
which polarization properties can be locally con- 
trofied along the optical waveguide. 

It is a further object of the present invention to 
provide a silica single mode optical waveguide 
which overcomes the above-described obstacles 
and restrictions due to a silicon substrate so that 
birefringence can be locally removed. 

It is still a further object of the present inven- 
tion to provide a silica optical waveguide fabricated 
on a silicon substrate in such a way that a portion 
of the optical waveguide can be locally displaced 
with respect to the silicon substrate, so that tine 
optical waveguide can realize various functions as 
described above. 

It is yet a further object of the present invention 
to provide an optical waveguide in which birefrin- 
gence can be adjusted by adjusting a stress to be 
applied to the optical waveguide. 

It is yet still a further object of the present 
invention to provide an optical waveguide in which 
a stress adjusting portion is provided in a portion of 
a cladding layer independently of a structure of a 
core portion. 

In the first aspect of tiie present invention, a 
silica optical waveguide comprises: 
a substrate; 

a cladding layer formed on the substrate; 



a silica glass core portion formed in the 
cladding layer; and 

stress adjusting means provided in the cladding 
layer in the vicinity of the core portion for adjusting 
s a stress applied to the core portion to adjust stress- 
induced birefringence in the core portion. 

Here, the stress adjusting means may com- 
prise a member which applies a stress to the core 
portion. 

70 The member may be an elongated member 

which is embedded in the cladding layer and may 
be composed of a materia! having a thermal expan- 
sion coefficient different from that of the cladding 
layer. 

IS The material may be selected from a group 

consisting of silicon, silicon nitride and B2O3 doped 
silica glass. 

A substrate may be composed of a silica or 
silicon substrate. 
20 The sti^ess adjusting means may be a groove 

for relieving the stress. 

The groove may be defined only in the clad- 
ding layer. 

The groove may have such a depth, that the 

25 bottom of the groove reaches the inside of the 
major surface of the substrate. 

A portion of the optical waveguide constituted 
by the core portion which is surrounded by the 
cladding layer may be separated from the maygr 

30 surface of the substrate. 

A portion of the cladding layer corresponding 
to one portion of the optical waveguide may 
removed to form at least one pair of grooves and a 
portion of the silica substrate corresponding to the 

35 portion of the optical waveguide may be removed 
to form a recess communicating with the at least 
one pair of grooves. 

A plurality of pairs of groove may be provided 
through bridge structures in the recess in the lon- 

40 gitudinal direction of the core portion. 

A portion of the cladding layer corresponding 
to one portion of the optical waveguide may be 
removed to form a plurality of grooves in the lon- 
gitudinal direction of the core portion and a portion 

45 of the silicon substrate corresponding to the portion 
of the optical waveguide may be removed to form 
a plurality of recesses which communicate with the 
plurality of pairs of groove, respectively, in the 
longitudinal direction of the core portion. 

50 A portion of the portion of the optical 

waveguide con-esponding to one end of the at least 
one pair of grooves may be cut out to form a 
separation groove communicating with the recess 
and the at least one pair of grooves. 

55 The substrate may be a silicon substrate and 

the recess may be formed by a selecting etching 
process through the at least one pair of grooves. 
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In the second aspect of the present invention, a 
waveguide type Mach-Zehnder interferonneter com- 
prises: 

two optical couplers; 

two optical waveguides having different lengths 
and exhibiting stress-induced birefringence, the two 
optica! waveguides coupling the two optical cou- 

plers, respectively: 

stress relief grooves disposed along and on 
_^both-sides ol- at_Jeast-one- optical- waveguide- in- 
such a way that a difference in values obtained by 
line integration of a birefringence value with respect 
to each of the at least one optical waveguide be- 
tween the two optical couplers is substantially 
equal to an integer multiple of a wavelength of light 
used. 

Here, each of the optical waveguides may be a 
single mode optical waveguide comprising a silicon 
substrate, a silica cladding layer disposed on the 
silicon substrate and a core portion embedded in 
the cladding layer and the stress relief groove may 
be provided along the core portion. 

A phase shifter for varying an effective optical 
path length of one of the two optical waveguides 
may be disposed on the one of the two optical 
waveguides. 

The phase shifter may comprise a thin film 
heater. 

The phase shifter and the stress relief grooves 
may be disposed along the same or different op- 
tical waveguides. 

In the third aspect of the present invention, a 
waveguide type optical phase plate comprises: 

a single mode optical waveguide having a 
substrate, a cladding layer formed on the substrate 
and a core portion embedded in the cladding layer; 
and 

at least one stress adjusting member disposed 
along the core portion by a predetermined length in 
at least one portion of the cladding layer in such a 
way that the principal axes of birefringence of the 
optical waveguide are inclined with respect to the 
direction perpendicular to or in parallel with the 
major surface of the substrate. 

Here, the stress adjusting member may be a 
stress relief groove. 

The substrate may be a silicon substrate and 
the single mode optical waveguide may be a sili- 
con single mode optical waveguide. 

A plurality of stress relief grooves may be 
sequentially disposed along the core portion and 
alternately on both sides of the core portion. 

A spacing between the stress relief groove and 
the core portion may be varied in the longitudinal 
direction of the core portion. 

A depth of the stress relief groove may be 
equal to or smaller than the thickness of the clad- 
ding layer. 



The above and other objects, effects, features 
and advantages of the present invention will be- 
come more apparent from the following description 
of preferred embodiments thereof taken in conjunc- 
5 tion with the accompanying drawings. 

Rg. 1 is a sectional view showing one exam- 
ple of a prior art silica optical waveguide; 

- - Fig-_L2_jsta_sectionaL.view. showing „one em-^ 

bodiment of a silica optical waveguide in accor- 

_ 70 — - dance witti the present invention- — 

Rg. 3 is an explanatory diagram used to 
explain a distribution of stress in the embodiment 
shown in Rg. 2; 

Rgs. 4A-4E are sectional views showing an 
75 embodiment of steps of fabrication of the embodi- 
ment of the optical waveguide shown in Rg. 2; 

Rgs. 5-8 are sectional views showing other 
embodiments of the present invention, respectively; 
Rgs. 9A and 9B are a plan view and an 
20 enlarged sectional view, respectively, showing one 
embodiment of a waveguide type optical phase 
plate constructed by an optical waveguide in accor- 
dance with the present invention; 

Rg. 10 is a sectional view showing a further 
25 embodiment of a silica optical waveguide in accor- 
dance with the present invention; 

7^9- ***'J^''^t^^ a_.Pf®ci*cted characteristic 
curve of birefringence values obtained by a definite 
element method; 
30 Rgs. 12A-12D are sectional views showtnf 

one embodiment of steps for fabricating the optical 
waveguide shown in Rg. 10; 

Rgs. 13, 14 and 15A-15E are sectional views 
showing further embodiments of an opticaJ 
35 waveguide in accordance with the present inven- 
tion; 

Rg. 16 is a plan view showing a further 
embodiment of an optical waveguide in accordance 
with the present invention; 
40 Rgs. 17A and 17B are perspective views 

showing further embodiments of an optical 
waveguides in accordance with the present inven- 
tion; 

Rg. ISA is a plan view showing a further 
45 embodiment of an optical waveguide in accordance 
with the present invention; 

Fig. 1 SB is a sectional view taken along line 
A-A' in Rg. 18A; 

Rgs. 19A and 198 are a plan view and a 
50 partially enlarged plan view showing an optical 
frequency multiplex circuit in accordance with the 
present invention; 

Rg. 20A is a plan view showing a modifica- 
tion thereof; 

55 Fig. 20B is a sectional view taken along line 

C-C in Fig. 20A; 

Rg. 21 A is a plan view showing a further 
embodiment of the present invention; 
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Rg. 21 B is a sectional view taken along line 
C-C in Rg. 21 A; 

Rg. 22A is a plan view showing a conven- 
tional waveguide type Mach-Zehnder interfero- 
meter; 

Rg. 22B is a sectional view taken along line 
D-O^- In Rg. 22A: 

Rg. 23A is a plan view showing an embodi- 
ment of a waveguide type Mach-Zehnder inter- 
ferometer in accordance with the present invention; 

Rg. 238 is a sectional view taken along line 
E-B in Rg. 23A: 

Rg. 24 is a plan view showing a modification 
thereof; 

Rg. 25 is an explanatory diagram used to 
explain a conventional bulk type optical phase plate 
(a half-wave plate); 

Rg. 26 is a sectional view showing an em- 
bodiment of an optical phase plate in accordance 
with the present invention; 

Rg. 27 is an explanatory diagram used to 
explain operations of a stress relief groove thereof; 

Rgs. 28 and 29 are plan views showing two 
embodiments, respectively, of an optical phase 
plate in accordance with the present invention; 

Rgs. 30A-30F are explanatory diagrams 
used to explain operations of the optical phase 
plate shown in Rg. 29; 

Rg 31 is a plan view showing an embodi- 
ment of a stress relief groove; and 

Rg. 32 is a sectional view showing another 
embodiment of a stress relief groove. 



Embodiment 1 : 

Rg. 2 is a sectional view showing a first em- 
bodiment of a silica single mode optical waveguide 
with stress applying portions in accordance with 
the present Invention. A structure in which a clad- 
ding layer 3 is disposed on a silica substrate 1 and 
a core portion 2 is embedded into the cladding 
layer 3 is substantially similar to that of the conven- 
tional optical waveguide shown in Rg. 1, in the 
present embodiment of the present invention, 
stress applying portions 4a and 4b composed, for 
example, of silicon, are disposed In the vicinity of 
the core portion 2. 

Rg. 3 is an explanatory diagram used to ex- 
plain a stress distribution around the core portion 2 
shown in Rg. 2. After the fabrication steps at high 
temperatures to be described in more detail below, 
tensile stresses act on the core portion 2 at room 
temperature due to differences in thermal expan- 
sion coefficient between the core portion 2 and the 
silicon stress applying portions 4a and 4b. In a 
case of the optical waveguide in which the core 
portion 2 was lOum ^ 10um and the silicon stress 



applying portions 4a and 4b were lOum ^ 17um 
and a distance between the core portion 2 and the 
silicon stress applying portion 4a or 4b was 12um. 
a measured birefringence B was 1.5 ^10"^ This 

5 value was about Ave times as high as the B value 
of the. optical waveguide fabricated on the silica 
substrate 1 without providing a stress applying 
portion. Thus, it was confinmed that the silicon 
stress applying portions 4a and 4b affect a value of 

70 B. 

Rgs. 4A-4E show an embodiment of steps for 
fabricating the silica single mode optical waveguide 
with the stress applying portions 4a and 4b of the 
type described above with reference to Rg. 2. 

75 Rrst. as shown in Rg. 4A, a silica optical 

waveguide film consisting of a lower cladding layer 
31 and a core layer 32 is deposited on the surface 
of the silica glass substrate 1. Then, an undersired 
of the core layer 32 is removed by a reactive ion 

20 etching process to define the core portion 2 in the 
form of ridge, as shown in Rg. 4B. 

Thereafter, as shown in Rg. 4C. an intermedi- 
ate cladding layer 33 is deposited in such a way 
that the core portion 2 is embedded in the inter- 

25 mediate cladding layer 33. Subsequently, an amor- 
phous silicon (a-SI) layer is formed on the surface 
of the intermediate cladding layer 33 by a high 
speed sputtering process. Next, an undesired por- 
tion is removed by an etching process to form the 

30 Stress applying portions 4a and 4b. 

Rnaliy. as shown in Rg. 4E, an upper claadi?!^ 
layer 34 is deposited in such a way that the sftrefe 
applying portions 4a and 4b are embedded therein. 
Then, the thus laminated structure is subjected to a 

35 heat treatment process at a high temperature 
(between 1 1 00-1 200 "C). As a result, a-Si is con- 
verted into polycrystalline silicon and during the 
step for cooling the optica! waveguide thus fab- 
ricated to room temperature, stress-induced 

40 birefringence is produced as shown in Rg. 3. 

Embodiments 2-5: 

45 Rgs. 5-8 are sectional views showing a second 

embodiment a third embodiment, a fourth embodi- 
ment and a fifth embodiment respectively, in ac- 
cordance v«th the present invention. 

In the second embodiment as shown in Rg. 5, 

50 a stress applying portion 14 is provided above the 
core portion 2 within the cladding layer 3, so that 
the compression stress is imparted to the lower 
core portion 2 from the stress applying portion 14 
and consequently a high degree of birefringence 

55 having a sign opposite to that of birefringence of 
the first embodiment is produced. 
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In the third embodiment as shown in Rg. 6, the 
stress applying portion 1 4 is provided at a position 
obliquely upwardly of the core portion 2, In this 
embodiment, stress-induced birefringence having 
the principal axis inclined at 45*' with respect to the 
main surface of the substrate 1 can be obtained. 

In the fourth embodiment as shown in Fig. 7, 
stress applying portions 14a and 14b are disposed 
orT both sides of the core portion 2 by a cornbina- 
Jt'on of a deposition process and .an^etchmg^prp,!. 
cess. 

in the fifth embodiment as shown in Fig. 8, the 
stress applying portions 14a and 14b are defined 
on both sides of a directional coupler composed of 
two core portions 2a and 2b. In this embodiment, a 
coupling coefficient of the directional coupler is 
dependent on polarization. 

In the above described embodiments, the 
stress applying portions 4a, 4b, 14. 14a and 14b 
are composed of silicon, but it is to be understood 
that any material can be used as far as it will not 
react with silica glass at a high temperature and 
which has a thermal expansion coefficient different 
from that of the surrounding silica glass. For in- 
stance, platinum, silicon nitride or the like may be 
used. Furthermore, glass which is considerably dif- 
ferent in composition from the siiica giass forming 
the core portion 2 or the cladding layer 3, for 
example, siiica glass containing a large amount of 
B2O3 deposited by, for instance, a CVD process 
may be used. However, it is not preferable to form 
a stress applying portion by glass containing an 
alkali metal, because the surrounding silica glass is 
crystallized. 

In the fabrication steps shown in Figs 4A-4E. 
an a-Si layer is often used as an anti-etching mask 
having resistance to etching when an optical 
waveguide film is formed by a reactive ion etching 
process, so that in some case, after the etching 
step, a part or whole of the anti-etching mask can 
be left unremoved and embedded into the upper 
cladding layer 34. so that the unremoved anti- 
etching mask defines the stress applying portions 
4a and 4b. 

So far, the substrate 1 has been described as 
consisting of silica glass, but it is of course appar- 
ent that the stress applying portion or portions are 
effective as means for controlling birefringence, 
even when a silicon substrate is used as the sub- 
strate 1 . In the case of the silicon substrate, it must 
be taken into consideration that, unlike the silica 
glass substrate, the optical waveguide receives as 
a bias force a high degree of compression stress 
(corresponding to a birefringence value of the order 
of 10~^) as a whole. 



It is of course possible to position the stress 
applying portion or portions at a desired position or 
positions in the longitudinal direction of the optical 
waveguide. 

5 As described above, in the first to fifth embodi- 

ments, the stress applying portions 4a. 4b, 14, 14a 
and 14b are disposed in the vicinity of the core 

- portions 2. 2a ^d 2b within the cladding layer 3^a 
degree of birefringence in the opticaf waveguide 

10 can be precisely controlled by varying the position^ 
and shape of the stress applying portion. There- 
fore, the present invention is remarkably useful in a 
case of fabricating an optical waveguide type op- 
tical component part to be used in an optical sen- 

75 sor or a coherent optical communication system in 
which polarization characteristics of the component 
play a very important role. 



20 Embodiment 6: 

Rgs. 9A and 9B show an embodiment of a 
waveguide type optical phase plate constructed by 
an optical waveguide in accordance with the 

25 present invention. 

Rg. 9A is a plan view thereof, while Rg. 9B is 
a sectional view, on enlarged scale, taken along 
line A-A' in Rg. 9A. The siiica core portion 2 (lOtLfffr 
^ 10um) and the polysiiicon stress applying por- 

30 tions 14a and 14b (lOum ^ 10um) are embedderd 
into the silica cladding layer 3 (approximately 
70um in thickness) formed on the surface of tHi 
silica glass substrate 1. The stress applying por- 
tions 14a and 14b are disposed on both sides of 

35 the core portion 2 and are spaced apart from the 
center of the core portion 2 by a distance S in a 
diagonal direction, which the portions 14a and 14b 
are extended along the core portion 2 by a dis- 
tance I. 

40 Such a structure can be fabricated by a com- 

bination of a deposition process and an etching 
process. Due to the stress applying portions 14a 
and 14b, a tensile stress acts on the core portion 2 
in a diagonal direction thereof. Here, a direction of 

45 the principal axis of stress-induced birefringence 
can be varied by selecting the distance S. In this 
embodiment, the distance S is 19u.m. so that the 
direction of the principal axis of stress-induced 
birefringence is inclined by 45° with respect to the 

50 major surface of the substrate 1. In the case, a 
magnitude B of stress-induced birefringence is of 
the order of 0.8^10"^ and the distance 1 is so 
selected to satisfy the following relation: 



55 



B^X = V2 



. where X is a wavelength of light used. For in- 
stance, the length I of each of the stress applying 
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portions 14a and 14b becomes 5mm when X is 
1 .3ixm. As a result, the optical waveguide with the 
stress applying portions as shown in Figs 9A and 
9B functions as a half wave plate having the optical 
axis inclined by 45" witii respect to the major 
surface of the substrate 1. When a linearly po- 
larized TE wave (having an electric field direction in 
parallel with the major surface of the substrate 1 ) is 
incident to the core portion 2 from the left end of 
the optical waveguide shown in Rg. 9A, the light 
beam passes through the stress applying region 
formed by the stress applying portions 14a and 
14b. so that a direction of polarization of the light 
beam is rotated by 45*»=*2 = 90*'. and then the light 
beam is emitted from the right end of the core 
portion 2 as TM wave (having an electric field 
perpendicular to the major surface of the substrate 
1). Thus, the optical waveguide shown in Rgs. 9A 
and 9B functions as a TE/TM mode converter. In 
addition, in accordance with manners of setting 
values of S and 1. various waveguide type optical 
phase plates such as a half wave plate, a quarter 
wave plate or the like having an optical axes ex- 
tended in various direction can be realized. 



Embodiment 7: 

Next, the present invention will be explained 
with reference to an embodiment thereof in which a 
stress relief groove or grooves are formed in the 
cladding layer 3 adjacent to the core portion 2 in 
order to control the birefringence of the optical 
waveguide. The stress relief grooves may be ar- 
ranged on both sides of the core portion in sym- 
metric relationship with the core portion 2 or only 
one stress relief groove may be arranged only on 
one side of the core portion 2. Birefringence of the 
optical waveguide can be controlled by suitably 
selecting the position, the depth and the width of 
the stress relief groove. 

Rg. 10 illustrates a seventh embodiment of the 
present invention in which, unlike the prior art op- 
tical waveguide shown in Rg. 1, open grooves 5a 
and 5b are formed along the core portion 2 on both 
sides thereof and in symmetric relationship with 
respect to the core portion 2 within the cladding 
layer 3. The cladding layer 3 is 50um in thickness 
and consists of SiO? glass. The core portion 2 
consists of Si02-Ti02 glass and has a cross section 
of Sum ^ Sum. The height of its center axis is 
25um from the major surface of the Si substrate 1 . 
The grooves 5a and 5b are 150am in width and 
are formed on both sides of the core portion 2. 
while leaving the cladding portion 3a with a width 
W around the core portion 2. 
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Rg. 1 1 illustrates the dependence of a normal- 
ized birefringence B/Bo (where Bo represents a 
value of birefringence when both the grooves 5a 
and 5b are not formed) of the optical waveguide 
5 shown in Rg. 10. obtained by the analysis of the 
stress distribution of the optical waveguide. 

As the width W becomes wider, a value B of 
birefringence of the optical waveguide approaches 
to a predetermined value Bo, which is dependent 

10 mainly upon a difference in thermal expansion co- 
efficient between silica glass and the Si- substrate. 
On the other hand, when tiie width W becomes 
narrow, the value of B is decreased. For instance, 
when W = lOOum, B/Bo is decreased to be almost 

75 equal to 0^5. Therefore, Rg. 11 shows that a 
birefringence value B of ttie optical waveguide can 
be determined to be a desired value by varying the 
positions of the grooves 5a and 5b which are 
represented by tiie parameter W. It should be 

20 noted that If necessary, a birefringence value can 
be made almost equal to zero. 

Rgs. 12A-12D show an embodiment of se- 
quential steps for fabricating the silica single mode 
optical waveguide with stress relief grooves as 

25 shown in Rg. It). 

Rrst, as shown in Rg. 12A,,a siHca optfcrt 
waveguide consisting of a lower cladding layer 41 
and a core layer 42 is deposited on one m^tar 
surface of an Si substrate 1 . Next, as shown in Rg. 

30 12B, an undesired portion of the core layer .#2 
removed by a reactive ion etching process to form 
a ridge-shaped core portion 2. 

In the step shown in Rg. 12C. an upper clad- 
ding layer 43 is deposited to embed the core 

35 portion 2 therein, so that the cladding layer 3 is 
formed together with the lower cladding layer 41 . 

Rnally. as shown in Rg. 12D, grooves 5a and 
5b for relieving residual stress are recessed along 
the core portion 2 in the cladding layer 3 by a 

40 reactive ion etching process. As a result, the op- 
tical waveguide as shown in Rg. 10 is obtained. 

A measured value B of birefringence was 
1.1^10"^ in the case that the optical waveguide 
(W = lOOu.m) having the structual paranr>eters as 

45 shown in Rg. 10 was fabricated. In the case of the 
optical waveguide in which no groove was formed, 
a birefringence value Bo was 4.0 ^10"^ Therefore, 
tiiese vaiues obtained by the practical measure- 
ments closely coincide with the results of the theo- 

50 retical analysis by the definite element method 
shown in Rg. 1 1 . 

in the above-described embodiment, while the 
width of the grooves 5a and 5b is determined to be 
I50um, it should be noted that when the groove 

55 width is greater than lOOiim, the dependence of 
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the value B on the groove width is negligibly small. 
In some case, the groove width may be infinite. 
That is. one side of one groove 5a or 5b which is 
remoted from the core portion may be open-ended. 



Embodiment 8: 



While in the embodiment shown in Fig. 10, the 
- grooves J5a_ancL_5b_ceach_the__ surface^ oLlhe. sutK_ 
strate 1 . a depth of the grooves 5a and 5b can be 
adjusted, as shown in Fig. 13, to control a birefrin- 
gence value B of the optical waveguide. A method 
in which a value B is measured while the grooves 
5a and 5b are being formed by a reactive ion 
etching: and the etching process is interrupted 
when a desired birefringence value B is obtained is 
effectiver ta precisely obtain a desired birefrin- 
gence. 



Embodiment 9: 

Fig.. 14 shows a further embodiment of the 
present invention in which a stress relief groove 64 
is formed only on one side of the core portion 2. A 
compression- stress can be' produced adjacent to 
the" core portion 2 in a diagdnar direction, as in- 
dicated by the broken lines in Rg. 14. This em- 
bodiment is effective when it is desired that a 
direction of the principal axis of birefringence of the 
optical waveguide is off a direction perpendicular to 
or in parallel with the major surface of the substrate 
1. 



Embodiments 10-14: 

The cross sectional configuration of the stress 
relief groove is not limited to rectangle as de- 
scribed above and can be varied as shown in Figs. 
15A-15E. 

In Rg. 15A. after the grooves which reach the 
major surface of the substrate 1 are formed on 
both sides of the core portion 2 in the cladding 
layer 3, the bottoms of the grooves 5a and 5b are 
further recessed into the region of the substrate 1 
to form the grooves 5a and 5b. each having a 
depth deeper than the thickness of the cladding 
layer 3. 

In Rg. 15B, after the grooves which reach the 
major surface of the substrate 1 are formed, the 
optical waveguide is immersed in a wet etching 
liquid (for instance, a mixture of hydrofluoric acid, 
nitric acid and acetic acid), so that desired regions 
of the Si substrate 1 including the regions imme- 
diately below the cladding layer 3 are etched out to 
form the stress relief grooves 5a and 5b. Both of 
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the embodiments shown in Rgs. 15A and 158 have 
a high degree of stress relieving effect, as com- 
pared with the optical waveguide in. which the Si 
substrate 1 is not etched at all. 

Fig, 15C shows an optical waveguide in which 
the stress relief grooves 5a and 5b are formed by a 
wet etching process using hydrofluoric acid instead 
of a reactive ion e tching j>rpcess. Jn the_.case ^of _ 
etching, the surfaces of the cladding layer 3 except 
_the-^portions-in which-the- stress- relief- grooves -5a- 
and 5b are formed are protected by silicon nitride 
film as a mask which has resistance to etching with 
hydrofluoric acid. This etching process is simpler 
than reactive ion etching process, but has a prob- 
lem that the etching control is rather difficult. 

In the embodiments shown in Fig. 15D and Fig. 
15E, a reactive ion beam etching process which is 
a kind of the reactiving ion etching processes is 
used. The major surface of the substrate 1 is 
inclined with respect to the direction of the ion 
beam so as to perform etching, so that a stress 
relief groove 64 which is inclined at an angle with 
respect to the major surface of the substrate 1 is 
formed in the cladding layer 3. These embodi- 
ments are effective when it is desired that the 
direction of the principal axis of birefringence in the 
optical waiveguides is determined to be off a dir^- 
tion perpendicular to or iri paraHel with the maflf 
surface of the substrate 1 . 



Embodiment 15: 

In the embodiments 7-14 described above, it is 
not needed that the stress relief grooves 5a, 5b 
and 64 are defined uniformly along the core portion 
2 of the optical waveguides. It is of course possible 
to distribute the groove at a desired position along 
the core portion 2 as shown in Rg 16. The arrang- 
ment as shown in Fig. 16 is effective especially 
when it is desired to locally vary birefringence 
characteristics in the optical waveguide. 



45 Embodiment 16: 



In the embodiments described above, a struc- 
ture of a single mode optical waveguide prior to the 
formation of stress relief groove is such that the 
core portion 2 is completely embedded or buried in 
the cladding layer 3 and the upper surface of the 
cladding layer 3 is substantially flat It is. however, 
to be understood that the present invention is not 
limited to such a structure. Rg. 17B shows an 
embodiment in which the stress relief grooves 5a 
and 5b are formed in a single mode optical 
waveguide in which the core portion 2 is covered 
with a relatively thin cladding layer 13, so that the 
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surface of the cladding layer 13 is not flat. Rg. 17A 
Is a perspective view of this ennbodiment prior to 
the formation of the stress relief grooves, while Fig. 
17B is a perspective view thereof after the stress 
relief grooves 5a and 5b have been formed. 

The structure as shown in Hg. 17B can be 
fabricated by a conventional process in which the 
core portion 2 is coated with a relatively thin glass 
layer (a few am in thickness) by a CVD or sputter- 
ing process in a step succeeding the step shown in 
Rg. 4B in the fabrication of the optical waveguide 
in accordance with the sequential steps as shown 
in Rgs. 4A-4E. Here, reference is made to A. 
HImeno et al., Electron Lett., Vol. 21, No. 20. pp. 
1020-1021. (1985). Rg. 178 shows the stress relief 
grooves 5a and 5b which are formed on both sides 
of the core portion 2 of the optical waveguide as 
described above in such a way that the bottoms of 
the stress relief grooves 5a and 5b reach the major 
surface of the Si substrate The stress-induced 
birefringence characteristics of the core portion 2 
can be controlled by suitably adjusting or selecting 
a position, a width, a length or the like of the stress 
relief grooves 5a and 5b, like as in the cases of the 
above-described embodiments. It is of course pos- 
sible to provide the stress relief groove only on one 
side of the core portion 2 so that the direction of 
the principal axis of birefringence is varied. 

In the embodiments 7-16, it has been de- 
scribed that the silica single mode optical 
waveguide is fabricated on the silicon substrate, 
but it is of course possible that the present inven- 
tion may be equally applied to other single mode 
optical waveguide composed of other material, for 
example, an optical waveguide fabricated on a 
multi-composition series glass substrate by an ion 
diffusion process as long as the optical waveguide 
receives a stress from the substrate. 

As described above, according to the present 
invention, the stress relief groove is formed along 
the core portion of the optical waveguide in pre- 
determined portions of the cladding layer thereof, 
so that a birefringence value of the optical 
waveguide can be easily controlled. 

That is, according to the present invention, 
birefringence can be controlled only by the forma- 
tion of grooves without changing a composition of 
glass and a kind of substrate. In addition, birefrin- 
gence can be controlled selectively only at a pre- 
determined position along the optical waveguide on 
the substrate and. if required, the principal axis of 
stress can be selected in a direction other than a 
direction in parallel with or perpendicular to the 
major surface of the substrate. 

Therefore, according to the present invention, a 
waveguide type component such as a quarter-wave 
plate, a half-wave plate, a polarizer, a directional 
coupler, an interferometer, a ring resonator or the 



like which is used in a coherent optical commu- 
nication system or optical sensor in which polariza- 
tion characteristics play an important role, can be 
fabricated with a high degree of accuracy. 

5 

Embodiment 17: 

When a silicon substrate is used as the sub- 
10 strate, it is possible to remove a portion of the 
silicon substrate by. for instance, an etching pro- 
cess in such a way that a portion of an optical 
waveguide having a silica cladding layer formed on 
the silicon substrate and a core portion embedded 
75 or burie'd into the cladding layer is separated from 
the silicon substrate. 

A 17th embodiment having the above-de- 
scribed structure is shown in Rg. ISA and Rg. 
188. Rg. 18A is a plan view, while Rg. 188 is a 
20 cross sectional view taken along line A-A' in Rg. 
ISA. 

As is apparent from Rgs. 18A and 188. the 
cladding layer 3 is deposited on the silicon sub- 
strate 1 and the core portion 2 as the main body of 

25 the optical waveguide is embedded in the cladding 
layer 3. The grooves 5a and 5b are formed on both 
sides of and along the core portion 2 in such a way 
that the bottoms of the grooves 5a and 5b reaoh 
the major surface of the silicon substrate 1. A 

30 portion of the silicon substrate 1 is removed iby a 
chemical etching process through the grooves 5a 
and 5b. Therefore, there is provided a separatdS 
optical waveguide 7 in which the optical waveguide 
containing the core portion 2 is separated from the 

35 silicon substrate 1 in a region 6 where the silicon 
substrate 1 is removed. Therefore, adverse effects 
upon the optical waveguide portion 7 from the 
silicon substrate 1 can be minimized. 

In the embodiment of the type shown in Rgs. 

40 18A and 188. the cladding layer 3 was 50um in 
thickness and composed of SiO? glass. The core 
portion 2 consisted of Si02-Ti02 glass having a 
square cross section of 8am ^ Sum and the height 
of the center position of the core portion 2 from the 

45 major surface of the silicon substrate 1 was 25am. 
Both the grooves 5a and 5b are 50um in width and 
the separated optical waveguide portion 7 inter- 
posed between the grooves 5a and 5b was 50um 
in width. 

50 The grooves 5a and 5b were formed by remov- 

ing predetenmined portions of the cladding layer 3 
by a reactive ion etching process and thereafter the 
silicon substrate 1 was immersed in isotropic etch- 
ant for silicon for about ten minutes so that the 

65 predetermined portion 6 of the silicon substrate. 1 
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was removed by a selective etching process. The 
etchant used in this embodiment was a mixture of 
9ml hydrofluoric acid. 75ml of nitric acid and 30ml 
of acetic acid. 

Birefringence of the optical waveguide of the 
type described above with reference to Rgs. 18A 
and 18B was evaluated by polarization measure- 
ment. As a result, the birefringence B of the se pa- 
rated optical waveguide portion 7 corresponding to 
_ the_regioa_6__where_the_ siJicon^substrate- 1— was~ 
removed was as low as 10"^, which is considerably 
lower than a birefringence value B of 4^10"^ in the 
portion of the silicon substrate 1, which was not 
removed by etching. Thus, it was confirmed that 
the stress is relieved by separating the optical 
waveguide portion 7 from the silicon substrate 1. 

Embodiment 18: 

Rgs. 19A and 19B show a specific embodi- 
ment of an optical frequency multiplexing circuit 
which embodies the present invention and which is 
polarizatlon-insensitiv-e. 

Rg 1 9A is a plan view of the optical frequency 
multiplexing circuit which comprises an SiOa clad- 
ding layer 26 formed on a silicon substrate and two 
sirigie~mode cbre^ portions 24 arid 25 erribeddedTn 
the cladding layer 26. The two core portions 24 
and 25 are partially very closely spaced apart from 
each other and in parallel with each other to form 
directional couplers 22 and 23. The directional cou- 
plers 22 and 23 have structural parameters which 
are so selected that a coupling efficiency is about 
50%. The two core portions 24 and 25 which 
couple the directional couplers 22 and 23 to each 
other are different in length by AL The silicon 
substrate is partially removed to form a recess 
region 27 which is extended along a part of the 
longer core portion 24 by a distance equal to AL in 
the silicon substrate. A value of birefringence of the 
separated optical waveguide portion 7 correspond- 
ing to this recess region 27 is substantially equal to 
zero. 

The length AL; that is, the length of the recess 
region 27 in the silicon substrate (cor'responding to 
the length of the separated optical waveguide por- 
tion 7) is as long as a few mm or more. Therefore, 
it is necessary to prevent damage to the optical 
waveguide portion 7. Thus, as shown at enlarged 
scale in Rg. 19B showing the recess region 27 
defined in the silicon substrate, the recess region 
27 is divided into a plurality of sections of grooves 
27a and 27b for removing predetermined portions 
of the silicon substrate which are disposed along 
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the optical waveguide portion 7 in the longitudinal 
direction thereof. Therefore, the separated optical 
waveguide portion 7 is supported by a plurality of 
bridge structures 28. 
5 In this embodiment, the cross sections of the 

core portions are equal in size to that of the first 
embodiment. Each of the divided sections of the 

grooves, 27a_and 27b. is 45P.umJn Jength and tha 

bridge structure 28 is 50um in width. The bridge 
.70 — structure 28- is repeatediy^-disposed at- an interval of- 
SOOum. so that the optical waveguide portion 7 (the 
recess region 27 formed by removing silicon sub- 
strate) having a desired length is formed. 

Two light signals fi and h which are different 
from each other in frequency by Af in the 1.5um 
wavelength band are incident to an input port 21a 
at one end of the core portion 24 and then divided 
equally by the directional coupler 22 to be trans- 
mitted through the core portions 24 and 25. re- 
spectively. These divided light signals are recom- 
bined by the directional coupler 23. When the 
length AL of the region 27 is so selected that 
AL = C/(2n» Af). the optical signals fi and h are 
separately derived from output ports 21 b and 22b, 
respectively, at the other ends of the two core 
portions 24 and 25, respectively. 

In like manner, when two light signals fi and ^ 
enters an input port 22a at one end of the cc« 
portion 25, they are separately derived from the 
output ports 21b and 22, respectively. In tf% 
above-described equation. C represents the ve- 
locity of light in vacuum and n indicates a refracti\ife 
index. In this embodiment. Af = 20GHz so that 
AL = 5.1mm is obtained from the above-described 
reiation. 

When no recess region 27 is formed in the 
silicon substrate, the difference AL in optical path 
is varied by AL»B in accordance with a direction of 
polarization of the light signal which is incident to 
the input port 21. In this case, the Mach-Zehnder 
interferometer system as shown in Fig. 19A exhib- 
its a strong dependence on polarization, so that 
there exists a defect that input polarization must be 
a linear polarization, either TM or TE wave. On the 
other hand, according to this embodiment in which 
the recess region 27 is formed in the substrate, the 
value B of the optical path corresponding to AL is 
substantially zero: that is. AL»B==0. so that the 
Mach-Zehnder interferometer in the form of an 
optical frequency multiplexing circuit does not ex- 
hibit the dependence on "poiorization and conse- 
quently stable operations can be ensured regard- 
less of a direction of polarization of an input signal 
light That is. it is clear that optica! frequency mul- 
tiplex transmission can be realized without using a 
complicated polarization plane controller. 



30 



10 



BNSDOCID: <EP ^0255270A2_I_> 



19 



0 255 270 



20 



Embodiment 1 9: 

While Fig. 19B shows an embodiment in which 
the grooves 27a and 27b which fomi the recess 
region 27 in the silicon substrate are composed of 
a plurality of divided sections and a mechanical 
strength of the optical waveguide portion 7 sepa- 
rated from the silicon substrate is maintained by 
the bridge structure 28. according to the present 
invention, a further structure as shown in Rgs. 20A 
and 20B can be used instead of the structure 
shown in Rg. 19B. 

That is, Figs. 20A and 208 show a further 
emtMDdiment of the present invention in which an 
optical waveguide portion is separated from a sili- 
con substrate and is supported by the silicon sub- 
strate. Rg. 20A is a plan view thereof, while Rg. 
20B is a cross sectional view taken along line B-B' 
in Rg. 20A. This embodiment is different from the 
embodiment shown In Rg. 19B in that the width of 
the bridge structure 28 is greater in Rg. 20A than 
in Rg. 19B, so that even after the chemical etching 
process of the silicon substrate 1, silicon partially 
remains under the bridge structure 28 to form a 
residual silicon portion 53 and that consequently a 
plurality of recess regions 27 are arranged in cas- 
cade through the bridge structure 28. Because of 
the existence of the residual silicon portions 53. the 
optical waveguide portion 7 is securely supported 
by the silicon substrate 1. so that the separated 
structure is realized with maintaining the mechani- 
cal strength. Birefringence remains in the optical 
waveguide portion above the residual silicon por- 
tions 53, but desired operations of the optical fre- 
quency multiplexing circuit can be accomplished 
by making the whole effective length of a plurality 
of recess regions 27 defined in the silicon sub- 
strate 1 into coincidence with AL 



Embodiment 20: 

Rg. 21 A is a plan view of a further embodiment 
of the present invention, and Rg. 21 B is a cross 
sectional view taken along line C-C in Rg. 21 A. 
Grooves 36a and 36b are formed along both sides 
of an SiOrTiOa core portion 2 embedded in an 
Si02 cladding layer 3 which is fomned on a silicon 
substrate 1 . The same sides (the right sides in Rg. 
21 A) of the grooves 36a and 36b are commu- 
nicated through an elongated groove 36C. A pre- 
determined portion of the silicon substrate 1 is 
subjected to a chemical etching process through 
these grooves 35a. 36b and 36c to form a recess 
region 37 in which the substrate 1 is etched out. A 
separated optical waveguide portion 38 consisting 
of the core portion 2 and the cladding layer 3 is 
partially cut off by the elongated groove 36C. so 



that the separated optical waveguide, portion 38 
extending over the recess region 37 in the silicon 
substrate 1 has a cantilever structure. As a result, 
the separated optical waveguide portion 38 in the 
5 form of a cantilever can be displaced slightly verti- 
cally by the elasticity of the optical waveguide. A 
mechanical pressure or an electrostatic force can 
be utilized as a force for causing the separated 
optical waveguide portion 38 displaced slightiy. 
10 Thus, tiiis embodiment is effectively adapted to 
construct an on-off type optical switch. 

In the embodiments 17-20. a predetermined 
portion of the silicon substrate is removed by a 
chemical etching process through the grooves 
75 formed in the cladding layer, but a desired portion 
of the silicon substrate can be etched out from the 
rear surface side thereof, thereby providing the 
optical waveguide construction of these embodi- 
ments The etchant is not limited to isotropic etch- 
20 ant and an anisotropic etching process which uti- 
lizes the orientation of a silicon substrate may be 
used. In the latter case, a mixture of ethylene 
diamine and pyrocaiechol or aqueous solution of 
potassium hydroxide may be used as anisotropic 
25 etchant. 

In either of the isotropic and anisotropic etch- 
ing processes, a silica optical waveguide is slightly 
etched, when a silicon substrate is seleetivi^ 
etched. Here, the selection ratio of the order of 
30 10:1-100:1 can be obtained, so that there is m *9ir 
that the optical waveguide sbiicture is damaged. 

In place of the so-called wet etching proce^ 
described above, dry etching process using CBrFs, 
SFs or the like as etching gas; that is. plasma 
35 etching process can be also used to realize the 
optical waveguide stnjcture in accordance with the 
present invention. In this case, in order to separate 
the optical waveguide portion from the silicon sub- 
strate, ft is preferable to select conditions of the 
40 plasma etching process which tends to cause an 
undercutting. 

As described above, the process for forming 
the separated optical waveguide portion described 
above in accordance with the present invention is 
45 not fundamentally limited to the above processes 
and it is apparent that any process can be em- 
ployed as long as the separated optical waveguide 
portions separated from the silicon substrate can 
be fabricated as described above. 
50 According to the present invention, in order to 

define a separated optical waveguide portion which 
is formed by separating a predetemnined portion of 
a silica optical waveguide from a silicon substrate, 
a predetermined portion of the silicon substrate is 
55 removed by a selective etching process. As a 
result, the preserrt invention is different from the 
prior art silica optical waveguide of the type in 
which the entire silica optical waveguide is made 
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into intimate contact with and securely supported 
by the silicon substrate in that stress-induced 
birefringence can be locally eliminated and the 
optica! waveguide is not restricted by the substrate 
but is locally movable. 

As described above, according to the present 
invention, a predetermined portion of a silica op- 

^ticai waveguide formed ort a_ silicon^substrate. can. 

be separated from the silicon substrate, so that 
stress-induced birefringence can be eliminated and- 
a portion of the optical waveguide can be made 
movable. Therefore, the present invention is re- 
markably effective and useful in the fabrication of 
an optical transmission component such as optical 
frequency multiplexing circuit, an optical switch, or 
a high-performance waveguide type optical compo- 
nent such as optical sensor. 



In Figs. 22A and 22B, each of directional cou- 
plers 22 and 23 composed of silica glass and 
formed on the silicon substrate 1 comprises two 
silica single mode optica! waveguides which are 

5 closely spaced, and a coupling factor between the 
two optical waveguides is determined to be about 
50%. Two optical waveguides 24 and 25 intercon- 

. necting>„tbeL -directionaJ— couplers^-22— and- 23 -are_ 



different in length by AL. 

10 in-the -Mach-Zehnder- interferometer with the-^ 

above-described construction, it is well known in 
the art that when an optical frequency of a signal 
light incident to the input port 21 is varied, a signal 
light is alternately derived from the output ports 

75 21b and 22b at a frequency of 

A f = (c/2n) • (1/AL) 



Embodiment 21: 

Next, an embodiment of a Mach-Zehnder inter- 
ferometer embodying an optical waveguide in ac- 
cordance with the present invention will be de- 
scribed. 

An interferometer in which two optical couplers 
or, for instance, two direc tiona l couplers are inter- 
connected to each other through two optical 
waveguides is called a Mach-Zehnder interfero- 
meter, which recently has been widely used in an 
optical switch, an optical sensor or a wave combin- 
ing and splitting device for frequency multiplex 
optica! communication. Such Mach-Zehnder inter- 
ferometer can be classified into (1) bulk type, (2) 
fiber type and (3) waveguide type, in accordance 
with their constructions. From viewpoints of reliabil- 
ity, productivity, compact size, light weight and so 
on. the waveguide type Mach-Zehnder interfero- 
meter is considered to be most useful. 

Furthermore, the Mach-Zehnder interferometer 
can be classified into (a) symmetric type and (b) 
asymmetric type in accordance with an arrange- 
ment of optica! path. In the case of the symmetric 
type Mach-Zehnder interferometer, two optica! 
waveguides interconnecting two optical couplers 
have the same length, while in the case of the 
asymmetric Mach-Zehnder interferometer, two op- 
tical waveguides are intentionally made different in 
length. 

Fig. 22A is a plan view of a conventional asym- 
metric waveguide type interferometer designed and 
constructed especially as an optical frequency-di- 
vision multi/demultiplexer for optical frequency-di- 
vision multiplexing transmission system and Rg. 
22B is a cross sectional view taken along line D-D' 
in Rg.. 22A at an enlarged scale. In Figs. 22A and 
22B, the same reference numerals are used to 
designate similar parts in Fig. 19A. 



. where C is the light velocity and n is a refractive 

20 index of the optical waveguide. Therefore, if. for 
instance, two signal lights fi and fz which are dif- 
ferent in frequency by Af-10GHz in the 1.55ixm 
band are incident simultaneously to the input port 
21a and when AL«10mm is determined in accor- 

25 dance with the above-described relation, the two 
signal lights ft and iz are separately derived from 

ttl©_oytPMt ports 21b and 22b, respectively. In prac- 
tice, the above-described frequency interval of thfe 
Mach-Zehnder interferometer is synchronized wi^ 

30 the frequency of the signal lights fi and fz a^d ifi 
order to derive a desired signal light from a desired 
output port, a phase shifter 71 in the form of a thm 
film heater is positioned above one optical 
waveguide 25 to vary an effective optical path of 

35 the waveguide 25 by about one wavelength due to 
the thermal optical effect. The entire interferometer 
as shown in Rgs. 22A and 228 functions as a wave 
combining and splitting device for optical 
frequency-division multiplexing communication sys- 

40 tem, 

However. the waveguide type interferometer of 
the type described above has the following prob- 
lems. That is, since the silicon substrate 1 and the 
optical waveguides 24 and 25 formed thereon are 

46 different in thermal expansion coefficient, the op- 
tical waveguides receive a compression stress in 
the direction in parallel with the silicon substrate 1 . 
so that birefringence is induced by the compres- 
sion stress. Accordingly, an effective refractive in- 

50 dex n is varied slightly in accordance with a direc- 
tion of polarization of the incident light. Therefore, 
there arises a problem that the waveguide type 
interferometer will never function as an optical 
frequency-division multi/demultiplexer. unless the 

55 direction of polarization of the incident light is de- 
termined to be either normal (TM) or parallel (TE) 
to the substrate surface. 
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Therefore, the present embodiment provides a 
waveguide type Mach-Zehnder interferometer 
which can substantially overcome the problems 
encountered in the conventional waveguide type 
Interferometer and which is free from a direction of 
polarization of an input light. 

In order to overcome the above problems, first 
it may be considered to completely eliminate 
birefringence in the optical waveguide, but from the 
standpoint of fabrication techniques available at 
present, it is extremely difftcult to eliminate birefrin- 
gence in the optical waveguide formed on a planar 
substrate. On the other hand, according to the 
present embodiment, the dependence of the Mach- 
Zehnder interferometer on polarization is effectively 
eliminated, while admitting an existence of birefrin- 
gence in an optical waveguide. 

When a difference in effective refractive index 
between a TM wave having the polarization direc- 
tion perpendicular to the substrate 1 and a TE 
wave having the polarization direction in parallel 
with the substrate 1 is defined as a birefringence 
value B, a polarization-sensitive optical path dif- 
ference R between the optical waveguides 24 and 
25 (Figs. 22A and 22B) is given by the following 
equation: 

R = /Bdli -/Bdl2 (1) 

. where !i and Iz are linear coordinates along the 
two optical waveguides 24 and 25, respectively, 
and /Bdli and /Bdb are linearly integrated values, 
respectively, of the values B along the respective 
optical waveguides. Each of the integrations is 
made from the directional coupler 22 to the direc- 
tional coupler 23. 

In this embodiment, the value B is locally ad- 
justed so that R becomes a multiple (including 0) 
of a wavelength of light used. That is. since an 
optical phase difference between multiples of the 
light wavelength X cannot be detected by the 
Mach-Zehnder interferometer, the fact that the in- 
terference conditions of the TM wave apparently 
coincide with those of the TE wave is taken into 
consideration in the present embodiment. In prac- 
tice, local adjustment of the value B is accom- 
plished by forming stress adjusting relief on both 
sides of at least one optical waveguide. 

Since the embodiment is designed and con- 
structed based on the above-described principles, 
the problem encountered in the conventional Mach- 
Zehnder interferometer that the conditions for sep- 
arating the TM waves are different from those for 
separating the TE waves are substantially over- 
come. Under the same conditions for driving a thin 
film heater phase shifter, the Mach-Zehnder inter- 



ferometer of the present embodiment can realize 
an optical frequency-division multi/demultiplexer 
accomplishing the same operation regardless of a 
polarization state of an incident light 
5 Fig. 23A is a plan view of a waveguide type 

Mach-Zehnder interferometer based upon the 
above-described prindples and Fig 238 is a cross 
sectional view, on enlarged scale, taken along line 
E-E' in Rg. 23A. The Mach-Zehnder interferometer 

10 in accordance with the present embodiment is dif- 
ferent from the conventional Mach-Zehnder inter- 
ferometer shown in Rgs. 22A and 22B in that 
stress relief grooves 72a and 72b are formed on 
both sides of a part of the optical waveguide 24 in 

75 order to locally vary a value of stress-induced 
birefringence. 

In this embodiment a silica glass cladding 
layer 26 having a thickness of 50um was formed 
on a silicon substrate 1 having a thickness of 

20 0.7mm. Two silica glass core portions were em- 
bedded or buried in tiie cladding layer 26 to form 
the optical waveguides 24 and 25. The optical 
waveguides 24 and 25 were closely disposed in 
such a way that an evanescent coupling can be 

25 established between the optical waveguides, there- 
by forming directional couplers 22 and 23 wrth a 
coupling coefficient of 50%. 

A cross section of each of the opttead 
waveguides 24 and 25 was about 6am ^ 6j-tm. f< 

30 relative refractive-index difference between tte 
tical waveguide 24 or 25 and the cladding layer 
was 0.75%. The curved portions of the o0asA 
waveguides 24 and 25 are defined by the radius of 
curvature of about 5mm. This silica single mode 

35 optical waveguides can be fabricated by a conven- 
tional process in which a deposition process for 
depositing a glass film by flame hydrolysis of raw 
material gases such as SiCI^, TiCU or the like is 
combined with a reactive ion etching technique. 

^ The stress relief grooves 72a and 72b are formed 
by removing predetermined portions of the clad- 
ding layer 26 on both sides of the core portion of 
the optical waveguide 24 by a reactive ion etching 
process. These stress relief grooves 72a and 72b 

45 which are formed on both the sides of the optical 
waveguide 24 functions to relax a compressive 
stress which the optical waveguide 24 receives 
from the substrate 1 in the widthwise direction of 
the optical waveguide 24, When a length of a 

50 region of the optical waveguide 24 where the stress - 
relief grooves 72a and 72b are fonmed is 1 12, a 
difference in an optical path R between \he two 
optical waveguides which is dependent upon the 
direction of polarization as shown in Equation (1) 

55 becomes 

R = B AL- (B- BT I12 (2) 
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. where AL is a difference in length between the 
two optical waveguides and was 10mm in this 
embodiment; B is a value of birefringence of a 
region of the optical waveguide 24 along which no 
stress relief groove is formed and B=4^10*'*; and 
B" is a value of birefringence of a region of the- 
optical waveguide 24 in which the stress relief 

_ grooves^2a ^nd -72b- are -formed.- B=- is dependent- - 

upon the width W (Fig. 238) of the cladding layer 
interposed- between-the-stress" relief" grooves' 72a'" 
and 72b and W*150um in this embodiment, so 
that a value of birefringence is reduced to 50% and 
consequently B*^2^W~^ In general, the value B* is 
decreased with the decrease in W. 

If a birefringence nature of the interferometer is 
so designed and constructed that R is an integer 
multiple of a wave length X as described above, the 
dependence on the direction of polarization of in- 
cident light can be eliminated. In this embodiment, 
li2=l 2.3mm is determined when &=4^10~^ 
B-=*2^10-^• and ALf=1 0mm = 1 0^um, Then, from 
Equation (2). R«1.55um; that is. R can be adjusted 
to be one time the optical wavelength used. 

It was actually confirmed that the Mach-Zehn- 
der interferometer designed and constructed with 
_the above-described values functions as an optical 
_ ^requency-diyision„ multi/demuit^ in a stable 

manner regardless of a direction of polarization of 
incident light. 

It is to be understood that the present invention 
is not limited to the above-described combination 
of B* and I12 and that it Is possible to use various 
combinations as long as Equation (1) or (2) is 
satisfied. For instance, when W is detemnined to be 
about 90am. B-^1^10-^ In this case, if 
li2«1 3.3mm, then R==0 is obtained. That is. it is 
possible to adjust R to be 0 time of the wavelength 
of light used so that the dependence on a direction 
of polarization of incident light is eliminated. 



Embodiment 22: 

Fig. 24 shows a further embodiment of a Mach- 
Zehnder interferometer embodying optical 
waveguides in accordance with the present inven- 
tion. Like in the case of embodiment 21. the silica 
single mode optical waveguides 24 and 25 formed 
on the silicon substrate 1 couples the directional 
couplers 22 and 23. so that an asymmetric type 
Mach-Zehnder interferometer (in which a difference 
in optical path AL« = 5mm) is provided. Unlike em- 
bodiment 21 . the stress relief grooves 72a and 72b 
are formed on both sides of a portion of the shorter 
optical waveguide 25 having a length of I21 . In this 
case, R given by Equation (1 ) is expressed by the 
following equation (3): 



R = B#A L + (B#B*) Z21 (3) 

When AL=5mm; B=4^10-^; B*«2^10-^: and 
121= 5.5mm. then R = 3.mm = 1.55um ^ 2. That 
5 is. the dependence of the Mach-Zehnder inter- 
ferometer on a direction of polarization of incident 
light was substantially eliminated by adjusting a 

Hjffference in optical path R to be two times- the 

wavelength of 1 .55um. 
"~io~ ln~eith'er 'oT"the~em 5odrrhehts~^21 and 22." the" 
thin film heater phase shifter 71 is provided to vary 
a difference AL in optical path between the two 
optical waveguides by about one wavelength in 
accordance with a frequency of a signal light, so 
75 that a frequency separation of the Mach-Zehnder 
interferometer is synchronized with two frequencies 
of signal lights. Therefore, the phase shifter 71 may 
be disposed on the optical waveguide 24 instead of 
the optical waveguide 25. 
20 The function of the thin film heater phase shift- 

er 71 is based upon principle of thermooptical 
effect and its phase shift function is isotropic. That 
is. the phase shifter 71 affects both TE and TM 
waves in a substantially similar manner, so that 
25 there is no problem that the polarization sensitivity 
will occur in the phase shifter 71 . 

In both of embodiments 21 and 22, the direc- 
tional couplers 22 and 23 are used as an optic® 
coupler constituting an interferometer, but it is Xp 
30 be understood that the Mach-Zehnder interfertJ- 
meter in which Y-shaped branching-combining ele- 
ment is used instead of the directional coupler "fe 
within the scope of the present invention. 

Furthermore, in the above-mentioned embod5* 
35 ments. the depth of the stress relief groove 72a or 
72b corresponds to the thickness of the cladding 
layer 26. but it is to be understood that the present 
invention is not limited to the above-described 
groove staicture and that the depth may not be 
40 equal to the thickness of the cladding layer 26. In 
general, the deeper the depth of the groove, the 
further the value B" decreases. 

As described above, in embodiments 21 and 
22 of the present invention, a birefringence value of 
45 each of the two single mode optical waveguides 24 
and 25 which constitute the Mach-Zehnder inter- 
ferometer is locally varied in a portion of the optical 
waveguide having a predetermined length by the 
function of the stress relief grooves 72a and 72b. 
50 so that the dependence of the interferometer on a 
direction of polarization of light can be substantially 
eliminated and consequently the present invention 
has an advantage that the interferometer which is 
stable in operation independently of a direction of 
55 polarization of incident light can be realized. That 
is, the present invention can provide an optical 
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frequency-division multiplexing circuit or an inter- 
ferometer type optical sensor without using an ad- 
ditional optical device such as polarization plane 
controller or the like. 



Embodiment 23: 

It is possible to use the optical waveguide in 
accordance with the present invention to. construct 
a waveguide type optical phase shift plate for con- 
trolling a plane of polarization of signal light in the 
field of optical communication or optical sensor. In 
the technical field of optical communication or op- 
tical sensor, an optical element called a phase shift 
plate like quarter-wave plate or half-wave plate for 
controlling a plane of polarization of signal light has 
been widely used and so far a birefringence type 
crystal plate has been used as a phase shift plate. 

Rg 25 shows one example of a conventional 
phase plate, which is called a half wave plate. 
When a linearly polarized light beam 103 is in- 
cident to a birefringence type crystal plate 101 at 
an inclined angle e with respect to the principal 
axis 102 of birefringence, the incident light beam 
103 is splitted into two polarized components in the 
direction of the principal axis 102 and the direction 
perpendicular thereto, while a phase of one light 
beam lags behind a phase of the other light beam. 
From the crystal plate 101. a light beam which 
consists of a combination of the two light beams 
and whose polarization is dependent upon the po- 
larization states of the two light beams is emitted. 
The lag in phase is referred to as retardation and is 
represented by R. A value of R is given by B«t. 
where B is a birefringence value and 1 is a thick- 
ness of the phase plate 101. and in general is 
expressed in terms of a unit of wavelength. A 
phase plate which causes a retardation of one half 
of wavelength X is called a half-wave plate. It is 
well known to those skilled in that art that a lineariy 
polarized light incident to a half-wave plate is emit- 
ted as a linearly polarized light 104 inclined by an 
angle 28 with respect to the polarization direction 
of the incident light beam 103. 

However, in the optical system as shown In 
Rg. 25, a lens system is required so that the 
incident light beam 103 is made incident perpen- 
diculariy to the crystal plate 101. Accordingly, it is 
difficult to make an optical system incorporating 
therein a phase plate compact in size. In addition, 
there arises a problem that it is not ensured that a 
light waves is transmitted in a space in a stable 
manner. 

On the other hand, recent technical develop- 
ments of optical devices for use in an optical 
communication system and an optical sensor have 
been concentrated to making such optical devices 



compact in size, highly reliable and durable in 
operation and inexpensive. Therefore, there is a 
strong tendency to design and construct waveguide 
type optical components and optical integrated cir- 
5 cults which in general are based upon an optical 
waveguide formed on a planar substrate instead of 
a so-called bulk type optical components in which 
a lens system and a prism are combined. Espe- 
cially, when matching of an optical component with 

70 an optical fiber is taken into consideration, various 
practical advantages can be attained when a silica 
optical waveguide composed of the same materials 
as the optica! fiber is used as the optical 
waveguide on the planar substrate. 

IS Fig. 1 shows in cross section one example of a 

structure of such a silica single mode optical 
waveguide of the type described above. The op- 
tical waveguide is formed by the silicon substrate 
1 . the cladding layer 3 formed on the silicon sut>- 

20 strate 1 and the core portton 2 embedded or buried 
in the cladding layer 3. The cladding layer 3 is 
about 50um in thickness and the size of the cross 
section of the core portion 2 is about 6-1 2um in 
accordance with a core diameter of a single mode 

25 optical fiber. In this optical waveguide, a signal light 
is confined within the core portion 2 and is propa- 
gated above the silicon substrate 1 . so that when a 
structure of the optical waveguide is suitably se^ 
lected. it is possible to attain optical circuit $unij- 

30 tions such as branching and combining aiSfi^ 
beam. 

In the optical waveguide as shown in Rg. 1, 
due to a difference in thermal expansion coefficient 
between the silica glass optical waveguide and the 

35 silicon substrate 1, a compressive stress is pro- 
duced in the core portion 2 in parallel with the 
direction of the major surface of the silicon sub- 
strate 1, so that the optical waveguide exhibits 
birefringence due to optical elastic effect In the 

40 optical waveguide of the type described above, it is 
well known to those skilled in the art that there 
exist two directions of the principal axes of birefrin- 
gence, i.e., one being in the direction perpendicular 
to the major surface of the substrate 1 and the 

45 other being in the direction in parallel therewith. 
Lineariy polarized light beam incident in parallel 
with the directions of the two principal axes of 
birefringence propagates along the core portion 2 
of the optical waveguide, while the polarization 

50 direction is maintained. In contrast in the prior art 
optical waveguide having the construction as 
shown in Rg. 1 , it is difficult to have a function of a 
half-wave plate for rotating the direction of polariza- 
tion in the optical waveguide. The reason is that in 

55 the prior art optical waveguide structure, the direc- 
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tibns: of the axes of birefringence are limited to the 
two directions; i.e., the direction which is perpen- 
dicular to the major surface of the substrate and 
the direction which is in parallel therewith. 

This embodiment provides a waveguide type 
opticaf phase plate which can substantially over- 
come the above-described problems by using the 
optical wave guide in accordan ce with the present 



invention 

. in this embodiment.^ a_ stress, relief, groovers 
formed in a predetermined portion of a cladding 
layer adjacent to a core portion of an optical 
waveguide, so that the directions of the principal 
axes of birefringence are inclined from the direction 
perpendicular to the major surface of a substrate 
and from the direction in parallel therewith, where- 
by this embodiment substantially functions as a 
birefringence type crystal plate. An optical phase 
plate in accordance with this embodiment con- 
stitutes a waveguide type phase plate, instead of a 
bulk-type phase plate and is therefore different 
from the prior art in that the phase plate can be 
continuously incorporated in a predetermined por- 
tion of an optical waveguide. 

Rg. 26 shows a fundamental construction of 
embodiment 23 In accordance with the present 
invention, in- which reference numeral 121 denotes 
" a siiicon substrate": 1227 a silica glass" single mode^ 
core portion; 123» a cladding layer and 131, a 
groove formed in the cladding layer 123 along one 
side of the core portion 122. 

The inventors found that a part of a stress 
applied from the silicon substrate 121 to the optical 
waveguide is relieved by the groove 131. so that 
the symmetry with respect to the core portion 122 
is no more attained and consequently the principal 
axes 134a and 134b of birefringence are inclined 
by an angle 8 as compared with an optical 
waveguide without groove. Therefore, the optical 
waveguide in which the stress relief groove 131 is 
provided on one side of and along the core portion 
122 can accomplish the same function as the 
birefringence crystal plate shown in Rg. 25. 

The angle 8 of inclination is mainly dependent 
upon a thickness of the cladding layer 123, a 
height of the core portion 122 and a spacing S 
between the core portion 122 and the stress relief 
groove 131. 

Rg. 27 is an example of a curve illustrating the 
relationship between the angle 8 of the principal 
axis and a spacing S between the core portion 122 
and the stress relief groove 131. The results cal- 
culated by the finite element method were plotted 
in Rg. 27. Here, it was assumed that the cladding 
layer 123 be SOiim in thickness and the height of 



,70 
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the center of the core portion 122 from the major 
surface of the substrate 121 be 25um. It was found 
that the lesser the spacing S. the greater the princi- 
pal axis angle 8 becomes. 

Rg. 27 further illustrates a birefringence value 
B; that is. the difference in refractive indexes be- 
tween the direction of the principal axis 134a and 
.directiqn_of ihe „principal_axis_1 34J5,_ln^Fig, 27.^ 
the B value is normalized by a birefringence value 
Bo- obtained- when - no- stress- relief groove 131- is 
pro\«ded; that is. when S = «>. The value of Bo is 
more or less varied in accordance with composition 
of silica glass which constitutes the optical 
waveguide. In general, the value of Bo is of the 
order of about 4^10"*^. 



Embodiment 24: 

20 Rg. 28 is a plan view showing this embodiment 

of a half-wave plate embodying the present inven- 
tion. On the silicon substrate 121 having a thick- 
ness of 0.7mm, the silica glass cladding layer 123 
is formed. The cladding layer 123 is 50um in 

25 thickness. The core portion 122 is embedded or 
buried in the cladding layer 123 and the stress 
relief groove 131 is formed in the cladding laygr 
1 23 adjacent to the core portion 1 22. "Tlie crc« 
section of the core portion 122 was Sum ^ Surn 

30 and a relative refractive-index difference betweS* 
the core portion 122 and the cladding layer 123 
was 0.25%. The spacing S was selected to 
almost equal to 35um based on the relationship 
shown in Rg. 27. so that an angle e of the principal 

35 axis was 22.5°, The width of the stress relief 
groove 131 was of the order of 200u.m. Under 
these conditions, B/Bo«0.63. so that B«2.5^10"^ 
because Bo«4^10"^ and birefringence whose in- 
clined angle of principal axis e was 22.5' was 

40 obtained. The length lof the stress relief groove 
131 was so selected as to satisfy B«t = 1/2X. That 
is, 1= 2.6mm, since the wavelength X of the 
wavelength of light used was 1.3um. 

The structure of the optical waveguide with the 

45 stress relief groove of the type described above 
can be fabricated by a conventional fabrication 
process in which a glass film deposition technique 
by flame hydrolysis of glass forming raw material 
such as SiCL. TiCU or the like is combined with a 

50 dry etching process of which a reactive ion etching 
process is a most typical example. 

When a light beam (TM wave) lineariy po- 
larized in a direction perpendicular to the major 
surface of the substrate 121 was incident to the. 

55 leftward end of the core portion 122. it was con- 
firmed that a polarization plane of the lineariy po- 
larized light beam was rotated by 20 = 45*, when 
the light beam passed through the portion in which 
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the stress relief groove 131 was provided; that is. 
the waveguide type half-wave plate portion. There- 
after, the polarized light beam passed through the 
usual optical waveguide portion in which no stress 
relief groove 131 was formed. Thus, it was ob- 
served that the light beam passed through the core 
portion 122. while repeatedly alternating the cir- 
cular ploarization and the linear polarization at a 
frequency equal to a beat length determined by the 
birefringence value Bo. It was. therefore, confirmed 
the fact that the portion in which the stress relief 
groove 131 was provided functioned as a half-wave 
ptate. 



Embodiment 25; 

Rg. 29 shows embodiment 25 of the present 
invention which is different from embodiment 24 
described above with reference to Fig. 28 in that 
two stress relief grooves 141 and 142 are disposed 
on both sides of the core portion 122 alternately in 
the longitudinal direction thereof. Both of the stress 
relief grooves 141 and 142 have the same dimen- 
sions S and I as those in embodiment 24. 

The linearly polarized light beam (TM wave) 
which is incident to the core portion 122 from its 
input end 122a and which is perpendicular to the 
major surface of the substrate 1 becomes the linear 
polarized light beam whose plane of polarization is 
inclined by 45*' when it passes through the region 
along which the stress relief groove 141 is pro- 
vided. Then, the plane of polarization is further 
inclined by 45" when the light beam passes 
through the region along which the stress relief 
groove 142 is provided. It was confirmed that fi- 
nally the light beam (TE wave) in parallel with the 
major surface of the substrate 121 was derived 
from the output end 122b of the core portion 122. 
On the other hand, it was also confirmed that when 
the TE wave was incident to the input end 122a. 
the TM wave was derived from the output end 
122b. Thus, it was confimned that this embodiment 
shown in Rg. 29 functions as a TE/TU mode 
converter. 

The process of such TE/TM mode conversion 
will be described in more detail with reference to 
Rgs. 30A-30F which are cross sectional views tak- 
en along lines l-l, 11-11, Ill-Ill. IV-IV. V-V and VI-VI, 
respectively, in Rg. 29. In Rgs. 30A-30F. the 
broken lines represent the direction of the principal 
axis of the optical waveguide and the solid lines 
with the an-ows at both ends thereof indicate the 
direction of polarization. 

The lineariy polarized light beam (TM wave) is 
incident to the core portion 122 from its leftward 
input end 122a (Rg. 30 A) and then reaches the 
entrance of the stress relief groove 141 (Rg. 308). 



while maintaining the TM wave mode (Rg. 30A). 
The stress relief groove region 141 has the direc- 
tion of the principal axis of birefringence inclined 
by .22.5* with respect to the TM wave and the 

5 length of the stress relief groove 141 is so selected 
that the stress relief groove 141 functions as a half- 
wave plate. Consequently, the TM wave is con- 
verted into the linearly polarized light beam in- 
clined by 22.5'* 2 = 45° al the exit of the groove 

10 141 (Rg. 30C). 

At the entrance of the second stress relief 
groove 142 (Rg. 30D), the lineariy polarized light 
beam and the principal axis of birefringence make 
an angle of 45** + 22.5'' = 67.5 At the exit of the 

15 groove 142 (Rg. 30E). the direction of polarization 
is changed by 67.5** ^ 2 = 135** with crossing the 
principal axis of birefringence, so that the direction 
of polarization is changed by 135' -45** =90*» 
with respect to the direction of polarization of the 

20 light beam shown in Rg. 30A and consequently the 
TE wave is derived from the region (Rg. 30F) 
indicated by the line VI-VI in Rg. 29. Thus, this 
embodiment of the present invention functions as a 
TE/TM mode converter. 

25 While in embodiments 23-25. the half-wav© 

plate and its combinations have been <^cri^d, ft 
is to be understood that the present invention^ rgjt 
limited to these embodiments and can provr«^ var- 
ious types of optical phase plates incteiding 

30 quarter-wave plate or polarization plane contrt^ ele- 
ments by suitably controlling the spacing S t^e- 
tween the core portion and the stress relief groov^, 
and the length t and the shape of the groove. 

35 

Embodiment 26: 

Rg. 31 is a plan view showing embodiment 26 
of the present invention. Here, reference numeral 

40 1 51 denotes a stress relief groove* In this embodi- 
ment, the spacing between the stress relief groove 
151 and the core portion 122 of the optical 
waveguide is gradually varied in the longitudinal 
direction of the core portion 122. Therefore, in a 

45 region 151a of the groove 151 in which the spacing 
S is greater, the principal axis of birefringence of 
the core portion 122 is perpendicular to (or in 
parallel with) the major suri'ace of the substrate 
121, but toward a region 151b of the groove 151 in 

50 which the spacing S becomes smaller, the principal 
axis of birefringence is gradually inclined. When a 
TM wave light beam propagates through the core 
portion 122 from its left end. this structure can 
gradually rotate the direction of polarization while 

55 maintaining the propagating light beam in the lin- 
eariy polarized state. Therefore, this embodiment 
can be very advantageously utilized as means for 
controlling a plane of polarization. 

17 
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In* this case, the plane of polarization cannot 
follow a rapid change in an angle 8 of the principal 
axis, and hence it is preferable that the distance 
from the region 151a to the region 151b is selected 
to be relatively longer, for instance, about 5mm or s 
longer. 

When "a relatively longer distance" is deter- 

mined,^ so-called- "beat- length i^p" - of an optical - — 

waveguide can be used as its measure. The beat 
length Lp/ a light wavelength X"and~a^birefringence " "To" 
value B of the optical waveguide have the following 
relationship: 



addition, when an optical phase plate incorporating 
an optical waveguide in accordance with the 
present invention is applied to a single mode op- 
tical communication system, an optical sensor or 
an optical information processing system in which 
it is essentially required to control polarization, an 
optical device can be made compact in size, highly 

reliable and dependable in operation and fnexpen* 

sive to fabricate. 



Claims 



Lp = X/B. 

For instance, when X = 1 .3u.m and B = 4 ^ 1 0*3. 
the beat length Lp is of the order of 3 mm. This is 
the reason why the distance between the region 
151a and the region 151b must be selected to be 
longer than the beat length Lp. 

Embodiment 27: 

m either of the above-described embodiments, 
the bottom of the stress relief groove reaches the 
major surface of the substrate. In this embodiment, 
as shown in Fig. 32, a stress relief groove 161 may 
have a depth which is equal to a value within the 
thickness of the cladding layer 123. so that a 
strong stress-induced birefringence is produced 
from the corner portion 161a of the groove 161. 
This strong stress-induced birefringence may be 
employed to incline the principal axis of birefrin- 
gence of the core portion 1 22. 

While the present invention has been explained 
with reference to the above embodiments in which 
the silica single mode optical waveguide is formed 
on the silicon substrate, the present invention is not 
limited to the combination of the silicon substrate 
and the silica single mode optical waveguide The 
present invention is applicable to various types of 
substrates or optical waveguides as long as the 
optical waveguide is subjected to stress-induced 
birefringence from the substrate. 

As described above, according to the present 
embodiment, a stress relief groove or grooves are 
formed at a predetermined distance from and along 
an. optical waveguide, so that it is possible to vary 
the principal axis of birefringence of the optical 
waveguide, which is fixed only in the direction 
perpendicular to or in parallel with the major sur- 
face of a planar substrate. As a result, the present 
embodiment can provide a waveguide type optical 
phase plate and an element for controlling the 
plane of polarization, which have an excellent de- 
gree of matching with a waveguide type optical 
component part or an optical integrated circuit In 



1. A silica optical waveguide characterized by 
75 comprising: 

a substrate; 

a cladding layer formed on said substrate; a 
silica glass core portion formed in said cladding 
layer; and 

20 stress adjusting means provided in said clad- 

ding layer in the vicinity of said core portion for 
adjusting a stress applied to said core portion to 
adjust stress-induced birefringence in said core 
portion. 

25 2. A silica optical waveguide as claimed in 

claim 1 , characterized in that said stress adjusting 
means comprises a meml^er which applies a stres$ 
to said core portion. 

3, A silica optical waveguide as claimed in 

30 Claim 2, characterized in that said member is ^ 
elongated member which is embedded in said 
cladding layer and is composed of a material h&th 
ing a thermal expansion coefficient different from 
that of said cladding layer. 

35 4. A silica optical waveguide as claimed in 

claim 3. characterized in that said material is se- 
lected from a group consisting of silicon, silicon 
nitride and B2O3 doped silica glass. 

5. A silica optical waveguide as claimed in 
40 claim 2, characterized in that said substrate is 

composed of a silica substrate. 

6. A silica optical waveguide as claimed in 
claim 2, characterized in that said substrate is 
composed of a silicon substrate. 

7. A silica optical waveguide as claimed in 
claim 1, characterized in that said stress adjusting 
means is a groove for relieving said stress. 

8. A silica optical waveguide as claimed in 
claim 7, characterized in that said groove is defined 

so only said cladding layer. 

9. A silica optical waveguide as claimed in 
claim 7. characterized in that said groove has such 
a depth that the bottom of said groove reaches the 
inside of the major surface of said substrate. 

55 10. A silica optical waveguide as claimed in 

claim 7, characterized in that said substrate is a 
silica substrate. 
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11. A silica optical waveguide as claimed in 
claim 7, characterized in that said substrate is a 
silicon substrate. 

12. A silica optical waveguide as claimed in 
claim 11. characterized in that a portion of the 
optical waveguide constituted by said core portion 
which is surrounded by said cladding layer is sepa- 
rated from the major surface of said substrate. 

13. A silica optical waveguide as claimed in 
claim 12, characterized in that a portion of said 
cladding layer corresponding to one portion of said 
optical waveguide is removed to form at least one 
pair of grooves and a portion of said silica sub- 
strate corresponding to said portion of said optical 
waveguide is removed to form a recess commu- 
nicating with said at least one pair of grooves. 

14. A silica optical waveguide as claimed in 
claim 13. characterized in that a plurality of pairs of 
groove are provided through bridge structures In 
said recess in the longitudinal direction of said core 
portion. 

15- A silica optical waveguide as claimed in 
claim 12, characterized in that a portion of said 
cladding layer corresponding to one portion of said 
optical waveguide is removed to form a plurality of 
grooves in the longitudinal direction of said core 
portion and a portion of said silicon substrate cor- 
responding to said portion of said optical 
waveguide is removed to form a plurality of reces- 
ses which communicate with said plurality of pairs 
of groove, respectively, in the longitudinal direction 
of said core portion. 

16. A silica optical waveguide as claimed in 
claim 13, characterized in that a portion of said 
portion of said optical waveguide corresponding to 
one end of said at least one pair of grooves is cut 
out to form a separation groove cx>mmunicating 
with said recess and said at least one pair of 
grooves. 

17. A silica optical waveguide as claimed In 
claim 13. characterized in that said substrate is a 
silicon substrate and said recess is formed by a 
selecting etching process through said at least one 
pair of grooves. 

18. A silica optical waveguide as claimed in 
claim 15. characterized in that said substrate is a 
silicon substrate and said recess is formed by a 
selecting etching process through said at least one 
pair of grooves. 

19. A waveguide type Mach-Zehnder interfero- 
meter characterized by comprising: 

two optical couplers; 

two optical waveguides having different lengths 
and exhibiting stress-induced birefringence, said 
two optical waveguides coupling said two optical 
couplers, respectively; 

stress relief grooves disposed along and on 
both sides of at least one optical waveguide in 



such a way that a difference in values obtained by 
line integration of a birefringence value with respect 
to each of said at least one optical waveguide 
between said two optical couplers is substantially 
5 equal to an integer multiple of a wavelength of light 
used. 

20. A waveguide type Mach-Zehnder interfero- 
meter as claimed in claim 19, characterized in that 
each of said optical waveguides is a single mode 

10 optical waveguide comprising a silicon substrate, a 
silica cladding layer disposed on said silicon sub- 
strate and a core portion embedded in said clad- 
ding layer and said stress, relief groove is provided 
along said core portion. 

76 21 . A waveguide type Mach-Zehnder interfero- 

meter as claimed in claim 19, characterized in that 
a phase shifter for varying an effective optical path 
length of one of said two optical waveguides is 
disposed on said one of said two optical 

20 waveguides. 

22. A waveguide type Mach-Zehnder interfero- 
meter as claimed in claim 21 , characterized in that 
said phase shifter comprises a thin film heater. 

23. A waveguide type Mach-Zehnder interfero- 
25 meter as claimed in claim 21 , characterized in that 

said phase shifter and said stress relief grooves am 
disposed along the same optical waveguide. 

24. A waveguide type Mach-Zehnder integfei^ 
meter as claimed in claim 21 . characterized in th§j 

30 said phase shifter and said stress relief grooves aM 
disposed along the different optical waveguides. 

25- A waveguide type optical phase plate chaN 
acterized by comprising: 

a single mode optical waveguide having a 

35 substrate, a cladding layer formed on said sub- 
strate and a core portion embedded in said clad- 
ding layer; and 

at least one stress adjusting member disposed 
along said core portion by a predetemnined length 

<o in at least one portion of said cladding layer in 
such a way that the principal axes of birefringence 
of said optical waveguide are inclined with respect 
to the direction perpendicular to or in parallel with 
the major surface of said substrate. 

45 26. A waveguide type optical phase plate as 

claimed in claim 25. characterized in that said 
stress adjusting member is a stress relief groove. 

27. A waveguide type optical phase plate as 
claimed in claim 26, characterized in that said 

50 substrate is a silicon substrate and said single 
mode optical waveguide is a silica single mode 
optical waveguide. 

28. A waveguide type optical phase plate as 
claimed in claim 26, characterized in that a plurality 

55 of stress relief grooves are sequentially disposed 
along said core portion and altemately on both 
sides of said core portion. 
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29. A waveguide type optical phase plate as 
claimed in claim 26. characterized in that a spacing 
between said stress relief groove and said core 
portion is varied in the longitudinal direction of said 
core portion. 5 

30. A waveguide type optical phase plate as 

claimed in claim 26. characterized in that a depth 

— -Of- said stress-reiiaf-groove-is-equal to the-thickness 

of said cladding layer. 

- 31t -A- wavegurde^type -optical " phase plate as~ 70 

claimed in claim 26. characterized in that a depth 
of said stress relief groove is smaller than the 
thickness of said cladding layer. 

75 
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@ Single mode optical waveguide. 

(g) In a single mode optical waveguide having a substrate (1 ), 
a cladding layer (3) formed on the substrate (1), a core portion 
(2) embedded in the cladding layer (3), and an elongated 
member (4a, 4b; 14; 14a, 14b) for applying a stress to the core 
portion (2) or a stress relief groove (5a, 5b; 64) for relieving a 
stress from the core portion (2) in the cladding layer (3) along 
the core portion (2). A position, shape and material of the 
elongated member (4a, 4b; 14; 14a, 14b) or the groove (5a, 5b; 
64) are determined in such a way that stress-induced 
birefringence produced in the core portion (2) in accordance 
with a difference in thermal expansion coefficient between the 
substrate (1) and the single mode optical waveguide is a 
desired value. 
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